We report the synthesized mixture of MXene and Ni-Co LDH on nickel foam by an electrodeposition technique. The specific capacitance of the mixture attained 983.6 F g -1 at a discharge current of 2 A g -1 , which is greater than that of pure MXene. Compared to Ni-Co LDH, the sample created through electrodeposition provided a better rate capability of 983. 
Introduction
Electrochemical capacitors (ECs), also known as supercapacitors, have attracted increasing attention as energy storage devices in the recent years because of many advantages including higher power density, longer cycle life, and safety [1, 2] .
Depending on the advantages, ECs as a new type of energy storage and conversion device have very promising applications. Based on the charge storage mechanism, there are two different categories of supercapacitors, electrochemical double layer capacitors (EDLCs) and pseudocapacitors. ELDCs are based on non-Faradaic charge separation at the interface between the electrode and electrolyte, while pseudocapacitors are based on the Faradaic redox reaction of electroactive materials [3, 4] .
Recently, MXene material had been synthesized by a wet hydrofluoric acid (HF) solution treatment from "MAX phases," and the new series of two-dimensional (2D) carbonitrides and metal carbides were promising candidates for electrode materials of supercapacitors. MXenes have a composition of Mn+1XnTx, in which M is an early transition metal, X represents nitrogen or carbon, n= 1, 2, or 3, and T stands for the surface functional group (e.g., O -, OH -, F -) [5, 6] . To date, more than 60 different
MXene compositions have been reported, such as Ti2C, V2C, Nb2C, (Ti0.5Nb0.5)2C, and typical Ti3C2. MXenes have already shown their potential as favorable electrode materials for Li-ion batteries [7] , supercapacitors [8] , and sensors [9] due to their large surface area, layered structure, high electrical conductivity, environmentally-friendly characteristics, and outstanding chemical stability [5, 6, 10] . Most importantly, Ti3C2 is one of a few materials that exhibit pseudocapacitive behavior; hence, Ti3C2 is one of the most broadly studied and most favorable members of this series of supercapacitors [11, 12] . Layered double hydroxides (LDH), also named hydertalcite-like clays or anionic clays, contain stacked brucite-type octahedral layers with water molecules and anions inhabiting the interlayer space [13, 14] . Recently, these inorganic layered materials have attracted growing attention in several areas due to their appropriate properties of good catalytic activity, high thermal stability, and low cost [15] [16] [17] . And the Ni-Co LDH has been widely used for pseudocapacitors because of their versatile properties of flexible ion exchangeability, good redox activity. Particularly, Ni-Co LDH nanosheets offer superior electrochemical properties over other nanostructures due to the interconnected arrangement and high specific surface area which allows easy contact with electrolyte ions for rapid and reversible faradic reactions [18, 19] .
In this study, an electrodeposition technique was utilized to synthesize a mixture of MXene and Ni-Co LDH on nickel foam without a binder, which prevents the decrease in electrical conductivity caused by the electrical resistance of the binder. Moreover, to further evaluate the MXene-LDH electrode for practical applications, a Solid-state asymmetric supercapacitor (SASC) was fabricated using MXene-LDH@NF as the positive electrode and multiwalled carbon nanotube (MWCNT) as the negative electrode. The characterizations of the electrode were executed by energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM). The electrochemical analyses were performed by cyclic voltammetry, electrochemical impedance spectroscopy, and galvanostatic charge-discharge.
Experimental Details

Synthesis of Ti3C2
Typically, 2D Ti3C2 powders were produced by immersing Ti3AlC2（98 wt.% pure, -100 mesh）in 49% HF at 60 °C for 24h. The powders were then rinsed with distilled water and centrifugally separated, followed by drying in a vacuum furnace at 80 °C.
Then, 0.5g of the detached powders were combined with 10 ml of dimethyl sulfoxide (DMSO) for intercalation and then magnetically stirred for 24h at ambient temperature.
The powders were separated from the obtained suspension by rinsing with distilled water, centrifugally separating, and drying in a vacuum furnace at 60 °C. The Ti3C2 intercalated with DMSO after detachment was named in-Ti3C2.
Fabrication of Ti3C2 electrodes
The Ti3C2 colloidal suspension was prepared by 0.1 g of in-Ti3C2 powders mixed with 100 ml deionized water under vigorous magnetic stirring for 4h. Nickel foam was cut into the required size (1cmⅹ1cm), and the surface was cleaned with alcohol. The Ti3C2 colloidal suspension was then dropped with a pipette onto the pretreated nickel foam sheet, which was placed on a hot plate maintained at 80 °C [5] . The Ti3C2 content of the whole electrode was easily controlled by adjusting the volume of the suspension.
Electrodeposition of Ni-Co LDH on the Ti3C2 electrode
The bimetallic (Ni, Co) hydroxide precursor was coated on the Ti3C2 electrode in a 10 mM Co(NO3)2•6H2O and 5 mM Ni(NO3)2•6H2O aqueous mixed electrolyte utilizing an electrochemical workstation [20, 21] . A conventional three-electrode system was used and was comprised of a Ti3C2 electrode as a working electrode, Ag/AgCl as a reference electrode, and a platinum plate as a counter electrode. The deposition was prepared using a cyclic voltammetry electrodeposition method. [22, 23] . The resultant mixture was milled and the paste placed in the nickel-foam substrate and dried at 60 °C for 6 h.
Characterization of the LDH-MXene electrode
Powder X-ray diffraction (XRD, Bruker D8 Advance X-ray) of the samples was performed using Cu Kα radiation (λ= 0.15406nm) at 40kV and 30mA. The scanning speed was 5° min-1 with 0.02° step. The Fourier transform infrared spectroscopy (FT-IR, Nicolet 750) spectra of the samples were measured using the KBr self-supported pressing technique. The scanning range was between 400 and 4000 cm -1 , and the scanning time was 32 s. The structure and morphology of the specimens were examined using X-ray photoelectron spectroscopy (XPS, Al Kα excitation laser, ESCA2000) and field emission scanning electron microscopy (FESEM, LEO-1550) with an applied voltage of 5 kV and energy-dispersive X-ray spectroscopy (EDS). Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were performed using JEM-2100F (JEOL) at an acceleration voltage of 200 kV.
Electrochemical measurements and preparation of the electrode
The prepared LDH-MXene electrodes were examined with a three-electrode system in a 6M KOH aqueous electrolyte at ambient temperature. Regarding the working electrode, LDH-MXene electrodes were utilized directly. The counter and reference electrodes were a platinum foil and a saturated calomel electrode (SCE), respectively.
An electrochemical working station apparatus (ZIVE SP2) was used for electrochemical impedance spectroscopy (EIS), galvanostatic charge/discharge (GCD) measurements, and cyclic voltammetry (CV). Cycle stability measurements were tested 
Results and discussion
Fabrication of the MXene-LDH binder-free electrode
The synthesized procedures of the MXene-LDH electrode are presented in Figure 1 .
First, Ti3C2 powders were synthesized by immersing Ti3AlC2 into HF solution. The solution was then added to DMSO to obtain the Ti3C2 interlayer sheets. The Ti3C2 colloidal suspension was loaded onto NF using a simple dropping-mild baking approach without binders because the nanosheet surface was decorated with major hydroxyl groups proposing outstanding hydrophilicity. The last step was electrodeposition of Ni-Co LDHs on in-Ti3C2 by the three-electrode system. The shifting current can initiate the process reduction and concurrent deposition reaction of Eqs. (1) and (2) during electrodeposition. Based on a previous report [24, 25] , the electrochemical reaction and mixed hydroxide precipitation constitute the whole electrodeposition process of Eqs. (3) and (4).
The XRD patterns of MXene, LDH and MXene-LDH are exhibited in Fig. 2 investigated by X-ray photoelectron spectroscopy (XPS) technique. The XPS survey spectrum of the composite not only Ti 2p and C 1s peaks, but also shows the peaks of Ni 2p, Co 2p and O 1s. (Fig. 3a) . The Ni 2p XPS spectrum (Fig. 3b) showed the 2p3/2 and 2p1/2 levels of Ni 2+ distributed in the main peak of 857 eV and 876 eV, and the XPS spectrum of O 1s (Fig. 3c) showed the peak at 531 eV can be related to hydroxyl ions [28, 29] , complement the peak of Ti 2p and C 1s were detected at binding energies of 456 eV and 285 eV, respectively, suggesting the existence of Ni-Co LDH and MXene in the composite. The elemental distribution of the composite was confirmed by energy dispersive spectroscopy (EDS). Table 2 
Electrochemical Evaluation
C-electrodes were investigated with a three-electrode system for evaluating the electrochemical properties of the binder-free electrode of MXene and Ni-Co LDHs as an active material support on nickel foam for supercapacitors. were obtained by the following equation (Eq. 1) based on the discharge curves [34] :
where Cs, I,  t, m, v and V are the specific capacity (F/g), the disge current (A), the electrode active material mass (g), the potential scan rate (mV s -1 ) and the discharge potential interval (V), respectively. To determine the ion transport properties of electrode materials for supercapacitor applications, electrochemical impedance spectroscopy (EIS) tests were investigated over frequency ranges of 0.01 Hz to 100 kHz. The Nyquist plots of the MXene-LDH and pure LDH composite electrodes are shown in Fig. 8(b) . The proposed equivalent circuit shown in Fig. 8 (b) (inset) is the measured impedance. The Nyquist plots of the electrodes consisted of a semicircle curve in the high-frequency region and a straight curve in the low-frequency region [32, 35, 36] . In the high-frequency region, the intercept of the semicircle curve at the real axis (Z0) is equal to the internal resistance (Rs), which includes the electrolyte resistance, ohmic resistance of the active materials and contact resistance at the active materials/NF interface. The Rs values of the MXene-LDH electrode and pure LDH electrode were 0.28 Ω and 0.33 Ω, respectively. The semicircle which corresponds to double-layer capacitance (Cdl) with the surface properties of electrode and its diameter is assigned to the charge transfer resistance (Rct) associated to the involved faradaic reactions at the electrode-electrolyte interface. In the lower frequency area, Cl is the limit capacitance, and the slope of the curves represent the Warburg resistance, which associated to the electrolyte diffusion in the electrodes. As is well known, reduced resistance can efficiently improve the electrochemical performance for supercapacitors. The EIS result indicates that the LDH nanostructures have a high electrochemical capacity because of their quick and reversible redox reactions at the MXene surface. Three-dimensional MXene guarantees a large surface area and high conductivity of LDH sheets in direct contact with the electrolyte, leading to easy and fast contact of the electrolyte ions with the surface of the electrode materials. Additionally, the binder-free electrodes allow quick electrodeelectrolyte interaction and small internal resistance charge transfer. Figure 9 shows the cycle stability of the MXene-LDH electrode according to the GCD technique at 30 A g -1 for 5000 cycles. The initial increase in specific capacity was due to the activation of active material during the initial cycles, and then a slow decrease and capacitance retention remained at approximately 76% at the 5000th cycle. Good cycle stability of carbon materials, such as graphene [37] , MXene [38] , and CNT [39] , has gained significant attention around the world. In this study, comparing with Ni-Co LDHs, the MXene-LDH electrode exhibited better cycle stability and higher current density, the cycle stability of MXene showed a positive impact on the mixture electrode, in which the MXene effectively prevented aggregation of the Ni-Co LDHs during the charge/discharge process.
To further demonstrate the superior capacitive performance of the MXene-LDH on the nickel foam, an asymmetric supercapacitor device was assembled using the MXene-LDH@NF and MWCNT@NF as positive and negative electrodes, respectively. And the prefabricated PVA/KOH gel electrolyte has placed between positive and negative electrodes as a separator (Fig. 10 a) . Figure 10b 
Where E (Wh kg -1 ) is the energy density, V (V) is the voltage range excluding the IR drop, P (W kg -1 ) is the average power density, and Δt is the discharge time.
Base on the specific capacity value, the energy density of the The outstanding electrochemical properties of the MXene-LDH//MWCNT solid-state asymmetric supercapacitor are attributed to the following conditions: 1) Ti3C2 provide express path for rapid electron transport base on the excellent conductivity of carbide materials; 2) the Ni-Co LDH nanoflake structure improve the interfacial contact between the active material and the electrolyte, lead to more efficient charge transportation; 3) the MWCNT@NF negative electrode improve electrolyte accessibility and effective ion-transport pathways, resulting in lower ion-transport resistance.
Conclusions
In summary, we synthesized a new binder-free electrode by electrodepositing Ni-Co LDH on the surface of a MXene base on nickel foam that be able to overcome the poor cycling stability (at high current density), low conductivity of LDH-type electrodes, and low specific capacitance of MXene electrodes for supercapacitors. The MXene sheet as a substrate created paths for electron and ion transport, and effectively prevented aggregation of the Ni-Co LDHs during the charge/discharge process.
Additionally, the LDH flake deposition on the surface increased the contact area between the active materials and electrolyte and provided Faradaic utilization that led to a high specific capacitance. The specific capacitance value of the optimized ratio sample was 983. 
